It is of adaptive value for a plant to prepare its defenses when a threat is detected, and certain plant volatiles associated with insect damage, such as cis-jasmone (CJ), are known to switch-on defense metabolism. We used aphid and aphid parasitoid responses to Arabidopsis thaliana as a model system for studying gene expression and defense chemistry and its impact at different trophic levels. Differential responses to volatiles of induced Arabidopsis occurred for specialist and generalist insects: the generalist aphid, Myzus persicae, was repelled, whereas the specialist, Lipaphis erysimi, was attracted; the generalist aphid parasitoid Aphidius ervi was attracted, but the specialist parasitoid Diaeretiella rapae was not affected. A. ervi also spent longer foraging on induced plants than on untreated ones. Transcriptomic analyses of CJinduced Arabidopsis plants revealed that a limited number of genes, including a gene for a cytochrome P450, CYP81D11, were strongly up-regulated in the treated plants. We examined transgenic Arabidopsis lines constitutively overexpressing this gene in bioassays and found insect responses similar to those obtained for wild-type plants induced with CJ, indicating the importance of this gene in the CJ-activated defense response. Genes involved in glucosinolate biosynthesis and catabolism are unaffected by CJ and, because these genes relate to interactions with herbivores and parasitoids specific to this family of plants (Brassicaceae), this finding may explain the differences in behavioral response of specialist and generalist insects.
I
nduced defense occurs when a plant becomes more resistant to insect pests or pathogens after a signal causes a change in its metabolism (1, 2) . Such signals are known as ''elicitors'' or ''plant activators'' and are produced naturally by attacking organisms (3, 4) . Elicitors of plant defense typically originate from the attacking insect or pathogen itself; however, plants can also detect signals that indicate that a neighboring plant is being attacked (5) , and these plant volatile signals can also induce defense. There is evidence that plants use volatile compounds for within-plant signaling, rather than relying solely on transport in the vascular system (6) . Genes associated with the production of defense metabolites are up-regulated in induced plants. In addition to the switching-on of direct defense traits against herbivores, indirect defense is activated in tritrophic interactions (7) , whereby the plants become more attractive to natural enemies of the phytophagous insects (8) (9) (10) , which has been shown to confer fitness advantages to the plant (11) . Synthetic chemicals can be used to induce defense when applied artificially to the plant, and we have found that certain plant-produced volatiles, such as cis-jasmone (CJ), that are emitted in larger quantities after insect damage, can activate plant defense against phytophagous insects (2, 12, 13) . The ecological implication of this response is that plants detect volatiles from neighboring plants that have been exposed to insect attack and up-regulate their defense systems accordingly, as suggested by Karban et al. (5) .
CJ is released naturally from insect-damaged plants. Cotton leaves damaged by Spodoptera exigua larvae emit CJ (14) , and it is systemically released from undamaged leaves (15) . Cotton buds damaged by Helicoverpa zea larvae (16) emit CJ, and it is also emitted from Nicotiana in response to oral secretions from Manduca sexta larvae (17) and by maize plants exposed to oral secretions of Spodoptera littoralis (18) . Recently, our understanding of the biosynthetic pathway that leads to CJ has been improved (19) by elucidation of a novel pathway from 12-oxophytodienoic acid via isomerization to iso-12-oxophytodienoic acid, which then undergoes three cycles of ␤-oxidation and decarboxylation to yield CJ.
CJ is structurally related to jasmonic acid and methyl jasmonate, which are well known to activate plant defense (20, 21) . However, transcriptomic analyses of gene expression in Arabidopsis have shown that a unique, and more limited, set of genes is up-regulated by CJ treatment compared with methyl jasmonate treatment (refs. 12 and 22 and M.C.M., P. Verrier, J.A.P., and J.A.N., unpublished data). CJ is well suited for use as an artificial inducing agent. Induction with CJ offers the opportunity to activate defense based on volatile chemical signals without unduly influencing other important plant physiological processes that could compromise the investigation. Our earlier work on CJ activation of crop plants showed insect behavioral effects in wheat, for example. CJ induction made plants less favorable for the grain aphid, Sitobion avenae, by reducing aphid settlement, growth, and development (13) and attracting the parasitoid Aphidius ervi (23) . Effects on aphid growth and development are partly due to the production of hydroxamic acids in wheat (24) , but the mechanism underlying differential emission of volatiles that affects aphid settlement has not been elucidated. The next step is to determine the genetic basis for the chemical ecology of such multitrophic interactions by examining modulation of gene expression resulting from CJ treatment. The underlying genetics and biochemistry of secondary metabolism in the model plant, Arabidopsis, are well known (25) , and its well defined genome sequence makes it an ideal plant system for conducting gene expression studies. Therefore, Arabidopsis was chosen for the present study, in which we investigate the mul-titrophic interactions between CJ-induced plants and aphids, and their hymenopteran parasitoids, and compare the effect on those insects specializing on the Brassicaceae with the effect on more generalist insects. The system we used involved Arabidopsis (ecotype Col-0) at the first trophic level, the specialist mustard aphid Lipaphis erysimi and the generalist aphid Myzus persicae (Homoptera: Aphididae) at the second trophic level, and the specialist parasitoid Diaeretiella rapae and the generalist parasitoid A. ervi (Hymenoptera: Braconidae) at the third trophic level.
Results and Discussion
CJ treatment caused alterations in the volatiles emitted by Arabidopsis, which were associated with altered behavioral responses of the generalist insects tested. In an olfactometer bioassay, M. persicae was repelled by volatiles of treated plants, whereas it was attracted to untreated Arabidopsis volatiles (Fig.  1A) , and A. ervi was attracted to the blend of volatiles emitted from treated plants but not to those emitted from untreated plants (Figs. 1C and 2A ). Both the generalist aphid M. persicae and the specialist aphid L. erysimi showed significant attraction to untreated wild-type Arabidopsis volatiles. For M. persicae, this behavioral response was reversed with CJ treatment; instead of being attracted, these aphids were significantly repelled by the volatiles of the induced plants (Fig. 1A) . In contrast, L. erysimi still showed significant attraction to volatiles of CJ-induced plants (Fig. 1B) , suggesting that the specialist insects use different semiochemicals for host plant recognition.
The generalist aphid parasitoid A. ervi was not attracted to wild-type Arabidopsis volatiles (Fig. 1C) but was attracted to CJ-induced volatiles. This indicated that potentiation of the Arabidopsis volatile blend was required in order to elicit a behavioral response from the generalist A. ervi. No potentiation of the volatile blend was needed for the specialist parasitoid D. rapae, which was strongly attracted to volatiles of wild-type untreated Arabidopsis. Although D. rapae was also attracted to volatiles from CJ-induced plants, there was no increase in attraction when compared with the strong response to the wild-type untreated volatiles (data not shown). Foraging A. ervi spent significantly more time on CJ-induced Arabidopsis plants than on control plants (P ϭ 0.025) and spent significantly more time walking (P ϭ 0.021) ( Fig. 2A) . However, CJ had no significant effect on the foraging behavior of the specialist parasitoid D. rapae (Fig. 2C) , confirming the findings of the olfactometer bioassays (Fig. 1 ), which showed a clear effect of CJ induction with A. ervi but not with D. rapae. We used uninfested plants in the bioassay because earlier experiments with aphidinfested plants that had been induced with CJ indicated that the arrestment effect of encountering aphids was overriding (data not shown).
The effects of CJ defense activation on Arabidopsis gene expression were investigated by means of transcriptomic analyses. Plants induced with CJ were compared with plants treated in a similar way with methyl jasmonate. High-quality mRNA was used as a template for probe synthesis and hybridized against the Arabidopsis Functional Genomics Consortium 14K Arabidopsis cDNA microarray (46) . Pairwise comparisons of different treatments were carried out: control vs. CJ, control vs. methyl jasmonate, and CJ vs. methyl jasmonate. As a result, Ϸ30 transcripts were identified as being solely up-regulated on exposure to CJ and not with methyl jasmonate. To validate these observations, expression of a subset of the CJ-induced genes was examined by Northern blotting, which strongly confirmed the data obtained from the microarray analyses (M.C.M., P. Verrier, J.A.P., and J.A.N., unpublished data). On the validated list were transcripts derived from genes annotated as cytochromes P450, a 4-methyl-5(2-hydroxyethyl)thiazole monophosphate biosynthase (At3g14990), and an oxophytodienoic acid reductase gene, OPR1 (At1g76680). Two cytochrome P450 genes-CYP81D11 (At3g28740) and CYP72A13 (At3g14660)-were highly upregulated, with the former showing the strongest induction by CJ. CYP81D8 and genes in the CYP89 family also showed some moderate up-regulation, but of particular interest was the observation that none of the CYP genes associated with glucosinolate biosynthesis were up-regulated.
Although the CYP81D11 transcript was strongly up-regulated by CJ, almost no transcripts could be detected in the absence of this signal nor under a range of different treatments and developmental stages ( Fig. 3A and B ; also determined by expression profiling using the Arabidopsis expression profile database at https://www.genevestigator.ethz.ch). In particular, CYP81D11 was not induced by the structurally related compound methyl jasmonate (Fig. 3A) , whereas CJ treatment resulted in high-level expression in aerial tissues, specifically in rosette and cauline leaves (Fig. 3B ). Most importantly, it was observed that CJ-induced expression was independent of COI1, the F-box protein through which methyl jasmonate modulates gene expression, indicating the distinct nature of CJ-induced gene expression (M.C.M., J. Ward, P. Verrier, J.A.P., and J.A.N., unpublished data). This precise regulation of expression led us to investigate the specific role of this cytochrome P450 in modulating plant-insect interactions, in particular in multitrophic interactions with aphids and their parasitoids in Arabidopsis. Transgenic Arabidopsis lines were generated that constitutively overexpressed the CYP81D11 ORF, using the cauliflower mosaic virus 35S promoter. A number of lines were selected on the basis of constitutive high-level expression of this transgene, as determined by Northern blotting. After further genetic characterization for Mendelian segregation and stable transmission of transgenic expression, three different T 3 lines (5-5.3, 11-4.3, and 12-2.1, representing different transgenic events) were selected for subsequent bioassay experiments (Fig. 3C) . Thus, these lines express CYP81D11 at very high (although differing) levels in all aerial tissues in the absence of CJ.
Insect behavioral responses to volatiles emitted from transformed plants overexpressing the CYP81D11 gene (CYP81D11 OE plants) (Fig. 1) were broadly similar to those observed with CJ-treated plants. For the generalist insects, responses to these plants were different from those observed when the insects were exposed to volatiles of wild-type untreated plants. As with the CJ treatment, CYP81D11 OE had little effect on the specialist insects (except for an anomalous response of L. erysimi to volatiles from line 11-4.3). Volatiles emitted from CYP81D11 OE plants in lines 11-4.3 and 5-5.3 elicited a repellent response with M. persicae, which was similar to the response observed with CJ-induced volatiles (Fig. 1A) . Volatiles from line 12-2.1 were not significantly repellent, but the attraction observed with the wild-type volatiles was switched off. With the specialist L. erysimi, variable responses to the CYP81D11 OE plant volatiles were observed (Fig. 1B) : line 5-5.3 elicited an attractive response; no response in terms of time spent was observed to line 12-2.1 volatiles (although significantly more entries were made into the treated olfactometer arm); and volatiles of line 11-4.3 elicited a repellent response. The repellent effect of line 11-4.3 volatiles possibly indicated the presence of a different volatile or volatiles in the blend that is repellent even to specialists on Brassicaceae. The generalist aphid parasitoid A. ervi was not attracted to wild-type Arabidopsis volatiles (Fig. 1C) but was attracted to volatiles from two of three of the transformed lines (12-2.1 and 5-5.3). Volatiles from line 11-4.3 were not attractive, again suggesting that some difference exists in this line compared with the other two. The Northern blot is less intense for line 11-4.3 (Fig. 3C) , suggesting that CYP81D11 gene expression is lower (although this remains to be confirmed by quantitative PCR). D. rapae was strongly attracted to volatiles of wild-type untreated Arabidopsis. Although D. rapae was also attracted to volatiles of CYP81D11 OE plants, the attraction was very similar to the response to the wild-type untreated volatiles (data not shown). Foraging A. ervi spent significantly longer foraging on CYP81D11 OE line 5-5.3 (Fig. 2B) . Significantly more time was spent keeping still, indicating that there was arrestment on the treated plants. The increase in time spent walking that occurred with CJ-treated plants was not observed. In contrast, no clear effect was observed with similarly produced CYP72A1 OE transgenic plants.
Volatiles emitted from CJ-treated plants and CYP81D11 OE plants were compared with those emitted from wild-type untreated plants by using gas chromatography coupled with mass spectrometry (GC-MS). With both CJ and the CYP81D11 OE transgenics, we noted increases in emission of (Z)-3-hexen-1-ol, ethylbenzene, 4-ethyltoluene, 1-octen-3-ol, 6-methyl-5-hepten-2-one, heptyl isothiocyanate, and an unidentified ester and decreases in emission of 4-methylthiobutyl cyanide and 4-methylthiobutyl isothiocyanate. However, to explain insect behavior, it is important to determine which volatiles are actually perceived by the insects. To address this, we used GC coupled with electroantennography (GC-EAG), with the antenna of A. ervi as a highly sensitive biological detector that was exposed to bulked samples of CJ-treated and CYP81D11 OE plants (Fig. 4) . With CJ-treated plants, two compounds-(Z)-3-hexen-1-ol and 4-methylthiobutyl isothiocyanate-were associated with EAG activity and were present in sufficient levels to allow identification by GC-MS. The other electrophysiological responses occurred at retention times where there was insufficient material present to identify the compounds by GC-MS. However, consistent peaks of EAG activity were observed at retention times corresponding to methyl salicylate, caryophyllene, and 4,8,12-trimethyl-(EE)-trideca-1,3,7,11-tetraene (TMTT). With a bulked sample of volatiles from CYP81D11 OE plants (line 5-5.3) (Fig. 4) , there were 15 electrophysiological responses, but 10 of these were below the threshold for sensitivity for the GC-MS detector. Tentative identifications were made for these volatiles on the basis of retention times, and again one of the EAG responses to this sample and to the CJ-treated sample occurred at a retention time that matched the retention index for TMTT.
The consistent electrophysiological responses to CJ-induced and CYP81D11 OE Arabidopsis volatiles at retention times where quantities of phytochemical were below the threshold of the GC-MS detector and no GC peak was visible indicated the very high sensitivity of the insect antenna to the compounds involved. The insect olfactory system is renowned for its sensitivity (26) , and volatiles relevant to insect behavior detected in GC-EAG studies often are not the compounds present in the largest quantities. G protein amplification allows insects to detect low numbers of semiochemical molecules, whereas current detection thresholds using GC and GC-MS are many orders of magnitude higher. Nevertheless, (Z)-3-hexen-1-ol was identified as being electrophysiologically active with A. ervi and is particularly interesting because it is known to attract A. ervi in wind tunnel experiments (27) . Its levels were increased with both CJ treatment and CYP81D11 OE. Furthermore, (Z)-3-hexen-1-ol has been shown to trigger defense responses in maize (28) , which is further evidence for its role as a stress-associated semiochemical.
GC-MS analytical studies showed that the volatile profiles of the three CYP81D11 OE lines were very similar [see supporting information (SI) Fig. S1 ]. However, despite this similarity, at the behavioral level different responses were observed for L. erysimi and A. ervi with line 11-4.3 (Fig. 1 ). This outcome again shows how insect behavioral responses can be far more sensitive than current analytical chemistry techniques. The only compound that was emitted in significantly larger amounts in line 11-4.3 was 4-hydroxy-4-methyl-2-pentanone, which, when tested on its own in the olfactometer, was not repellent to L. erysimi. Again, the most likely explanation is that trace amounts of repellent compounds undetectable by GC-MS influenced insect behavior with this line.
Logically, it might be expected that products from genes induced by plant activators would include enzymes involved in the generation of herbivore repellents and foraging stimulants for predators and parasitoids. The cytochromes P450 may fulfill such a role, and the experiments reported here provide evidence for this. It is known that CYP79B2 is up-regulated after aphid feeding in Arabidopsis but not after piercing with a sterile needle (29, 30) . A link between CYP genes and volatile production has also been demonstrated in a study in which a CYP79D2 from cassava that catalyses production of valine-and isoleucinederived glucosinolates was successfully introduced into Arabidopsis (31) . Preliminary work with CJ-induced cotton has shown that release of TMTT is greatly increased, and TMTT has been found to explain repulsion of Aphis gossypii (T.J.A.B and M.A.B., unpublished data), but in Arabidopsis we have not yet proven the role of this compound because there was insufficient material for confirmation by GC-MS (although electrophysiological responses of A. ervi occurred at the appropriate retention time). We hypothesized that CYP genes could be involved directly in TMTT biosynthesis. The other cytochrome P450 gene upregulated by CJ in Arabidopsis, CYP72A13, is, in sequence terms, closely related to the secologanin synthase gene CYP72A1 (32), which synthesizes secologanin from loganin by a reaction mechanism that we realized is identical to that required for TMTT synthesis from the precursor geranyllinalool proposed by Boland et al. (33) (SI Fig. S2 ). We therefore produced Arabidopsis lines overexpressing CYP72A13; however, these have not shown the behavioral differences expected nor have we detected higher levels of TMTT (data not presented). It thus appears that involvement of CYP genes in TMTT biosynthesis is a hypothesis that would be better tested in other plant species, such as cotton, in future research.
It appears that specialized aphids are adapted to cope with the induced defenses of their host plants and thus are less influenced by induction of defense. Although the volatiles induced by CJ appear to affect generalist insects more than specialist ones, this does not preclude the involvement of other semiochemicals affecting the multitrophic interactions of the specialist insects in Arabidopsis because specialists use glucosinolate catabolites that are not influenced by CJ. Specialist insects may rely on cues that are more specific to their particular aphid-host plant complex. For example, it is known that D. rapae is attracted to 3-butenyl isothiocyanate (34, 35), but we did not find any change in the emission levels of this compound with CJ treatment or CYP81D11 OE.
Hymenopteran parasitoids are an important agent of natural mortality of aphids (36, 37) , and their foraging behavior is influenced by semiochemical cues from the aphid host plants (27, 38) . The findings of the present study support the hypothesis that parasitoids use induced plant volatiles as a factor determining patch residence times (39) . Induction of crop plants with CJ could provide a means of enhancing parasitoid activity, and hence biological control. In previous work focused on crop plants (23), we have shown that the time spent foraging by A. ervi was significantly increased on wheat induced by CJ. This suggests that a widely occurring aspect of plant defense metabolism might be modified by CJ activation, which would enhance the performance of A. ervi by providing volatile cues that lead to attraction and arrestment. Increased attraction of A. ervi to CJ-treated bean plants in a wind tunnel (12) supports the idea that volatile cues from the plant play a role in attracting parasitoids to induced plants and further extends the range of plants for which CJinduced volatile production elicits behavioral effects on A. ervi.
Chemical ecology deals with chemical mechanisms controlling intra-and interspecific interactions among living organisms.
Here we have considered a plant-derived semiochemical, CJ, and how it acts as a signal altering gene expression and volatile production in the model plant Arabidopsis, with consequent changes in interactions at the second trophic level with aphid herbivores and at the third trophic level with aphid parasitoids. The cytochrome P450 gene CYP81D11 was shown to play an important role in this interaction, given that it was up-regulated in CJ-treated plants and that insect behavioral responses to plants overexpressing this gene were similar to the responses to induced plants.
Materials and Methods
Plant Cultivation. Seeds were stratified for 2 days at 4°C to ensure uniform germination before being placed in growth chambers under constant light (60.58 mol⅐m Ϫ 2⅐s Ϫ1 ) at 22°C. After Ϸ10 days, plants were transferred into soil: one plant per 5-cm-diameter pot. Plants were then cultivated in a SANYO growth chamber under long day conditions with a 16-h light and 8-h dark period. During the light period (350 mol of photons per m 2 per s 1 ), the temperature was kept at 23°C with a relative humidity of 75%. During the dark period, the temperature was 18°C with a relative humidity of 80%.
Treatment of Plants. CJ was purchased from Avocado Research Chemicals, and methyl jasmonate was purchased from Nippon Zeon. For exposure to either CJ or methyl jasmonate, Arabidopsis thaliana plants were grown to the rosette stage, placed into 3.7-liter airtight containers, and exposed to 1.5 g of CJ or methyl jasmonate, respectively. These compounds were applied to a small piece of filter paper (no.1; Whatman) that had been attached to the lid of the container; the container was sealed with parafilm, and the compounds were left to evaporate for 20 h. Control plants were sealed in an identical tank with no treatment. After 20 h, leaves were harvested and snap-frozen in liquid nitrogen.
For parasitoid foraging bioassays, Arabidopsis plants obtained from the glasshouse were sprayed using a hydraulic nozzle (Lurmark 015-F110) mounted on a variable-speed spray track at 1 ms Ϫ1 in an indoor spray facility. The CJ was formulated in a 0.1% aqueous solution of a nonionic surfactant, Ethylan BV (EBV) (Akcros Chemicals) and applied at a rate equivalent to 50 g ha Ϫ1 in 200 liters ha Ϫ1 . Control plants were sprayed with 0.1% aqueous EBV and were kept in a separate glasshouse to avoid contamination by CJ-treated plants. Plants were treated at least 48 h prior to bioassay.
Air Entrainment. The volatile chemicals from the headspaces of wild-type and transgenic plants were collected by entrainment onto Porapak Q (60/80 mesh, 0.05 g) contained in a glass GC inlet liner between glass-wool plugs. Leaves from the Arabidopsis plants were harvested and dropped into liquid nitrogen immediately to minimize degradation of plant tissue. They were then ground to a powder, and the volatiles entrained as they were allowed to warm to room temperature, with a final warming to 40°C for 30 min. The volatiles were collected on Porapak and eluted with 500 l redistilled diethyl ether.
Aphid and Parasitoid Olfactometer Bioassay. Behavioral assays used a Perspex four-arm olfactometer (40) lit from above by diffuse, uniform lighting and maintained at 23°C. The bottom of the apparatus was lined with filter paper (no. 1; Whatman), and air was drawn through the four arms toward the center at 350 ml min Ϫ1 . Single alate aphid virginoparae or female parasitoids were introduced into the central chamber, and the time spent and number of entries into each arm were recorded by using specialist software (OLFA; Exeter Software) over a 160-min period. The apparatus was rotated one-quarter turn every 2 min to eliminate directional bias. Aliquots (10 l each) of entrainment samples were applied to a filter paper strip, and the solvent was allowed to evaporate for 30 s. The filter paper was then placed at the end of the treated side arm. The three control arms were similarly treated with 10 l of redistilled diethyl ether alone on filter paper. The percentage of time spent in each of the four arms, of the total time spent in all four arms, was calculated. Data were transformed by using a logit transformation. Transformed data were then compared with a test mean of Ϫ1.099 (logit transformation of 25%), using a one-sample t test (GenStat ver. 10; VSN International).
Parasitoid Foraging Bioassay. Differences in the densities of searching parasitoids between patches of plants in the field are mainly due to differences in parasitoid leaving rates, rather than differences in arrival rates (41) . Thus, the foraging bioassay used here recorded behaviors of parasitoids released on the plant and time spent before leaving it. Experienced parasitoids were used. A. ervi were reared on pea aphid on bean to ensure that it would behave as a generalist and that it had not become ''specialized'' by imprinting on brassicafeeding aphids. D. rapae was reared on M. persicae on Chinese cabbage. The experimental procedure was similar to that described in ref. 38 . Individual walking female parasitoids were released directly onto the center of individual Arabidopsis plants at growth stage 3.50 (50% of final size) (42) . Treated and control plants were alternated to eliminate any effect of time of day on foraging behavior. Experiments were conducted at 22°C. Direct observations of foraging behavior were then made as the parasitoids searched the plants, and Noldus Observer 4.1 software was used to record the behavioral observations. Time spent walking, still, and cleaning was recorded, as well as total time spent before the parasitoid left the plant. An observation was terminated when a parasitoid flew away from the plant, which was considered as the foraging ''patch.'' Time spent on treated and control plants was compared by using a paired t test (GenStat).
Generation of CYP81D11 OE and CYP72A13 OE Plants. The clone pda04666 containing the cDNA for At3g28740 was obtained from RIKEN. Primers RVP450sense (5Ј-ACGGATATCATGTCATCAACAAAGACAAT-3Ј) and SacIP450sense (5Ј-ACGGAGCTCTTATGGACAAGAAGCATCTA-3Ј) were used to amplify the insert, and the amplification product was cloned by using the TOPO cloning kit from Invitrogen. The ORF of the PCR product was confirmed through sequencing, excised from the TOPO vector by EcoRV and SacI (New England Biolabs), and subsequently cloned into pJD330, from which the glucuronidase gene had been removed by SalI and SacI digestion. The SalI restriction site was rendered compatible with the EcoRV by treatment with Klenow. At3g28740 under the control of the CaMV35S promoter was removed from pJD330 by using HindIII and EcoRI and cloned into the expression vector BIN19. Clone C105322 containing the cDNA for At3g14660 was obtained from the Arabidopsis Biological Resource Center (Ohio State University, Columbus, OH). The insert was amplified with the primers At3g14660SalIF 5Ј-GTCGACATGGAGATATCAGTTGCATC-3Ј and At3g14660SalIR 5Ј-GTCGACTTA-GAGCTTGTGCAAGATAA-3Ј and cloned into TOPO (Invitrogen) for verification of the ORF. The insert was excised by SalI, cloned into BIN19-S35, and checked for correct orientation before being used for transformation of plants. Transformation of Arabidopsis (Col-0) was achieved by using the floral dip method, as described in ref. 43 . Transgenic plants were selected on Kanamycincontaining plates, and transgene expression was confirmed by Northern blotting.
Microarray Studies. The effects of CJ on gene expression in Arabidopsis were analyzed using the Stanford Arabidopsis microarray facility, provided by the Arabidopsis Functional Genomics Consortium, in which the effects of CJ would be tested against a control consisting of plants treated in a similar way with methyl jasmonate. Thus, intact 8-week-old Arabidopsis, ecotype Columbia, were exposed for 24 h in sealed boxes (3.7 liters) to methyl jasmonate or CJ as a vapor from 1 l (Ϸ1 mg) of undiluted material. The extracted messenger RNA was hybridized to the Stanford array, giving the following comparisons: control vs. CJ, control vs. methyl jasmonate, and CJ vs. methyl jasmonate. Approximately 30 genes were up-regulated by 24-h exposure to CJ. Confir-mation of this up-regulation was obtained for a subset of the initially recognized genes by differential expression to CJ, using Northern blotting.
Electrophysiology. EAG recordings were made using Ag-AgCl glass electrodes filled with saline solution (composition as in ref. 44 but without glucose). A female parasitoid was chilled in ice and the head was removed. The head was placed inside the indifferent electrode, and the tips of the two antennae were inserted into the recording electrode. The signals were passed through a high-impedance amplifier (UN-06; Syntech) and analyzed using a customized software package (Syntech). The coupled GC-EAG system, in which the effluent from the GC column is simultaneously directed to the antennal preparation and the GC detector, has been described previously (45) . Separation of the volatiles was achieved on a Hewlett-Packard 6890 gas chromatograph equipped with a cold on-column injector and a flame ionization detector (FID). The column used was 50 m ϫ 0.32-mm i.d. HP-1. The oven temperature was maintained at 30°C for 2 min and then programmed at 5 o /min to 100°C, followed by 10 o /min to 250°C. Single-cell recordings from neuronal cells associated with the olfactory receptors on the distal primary rhinarium of alate virginoparous M. persicae were made by using tungsten microelectrodes. The indifferent electrode was placed in the first or second antennal segment, and the recording electrode was then brought into contact with the rhinarium until impulses were recorded.
GC.
Volatiles were analyzed on a Hewlett-Packard 6890 gas chromatograph equipped with a cold on-column injector, a FID, and a 50 m ϫ 0.32-mm i.d. HP-1 bonded phase fused silica capillary column. The oven temperature was maintained at 30°C for 2 min and then programmed at 5°C/min to 150°C, followed by 10°C/min to 150°C. The carrier gas was hydrogen.
Coupled GC-MS. A capillary GC column (50 m ϫ 0.32-mm i.d., HP-1) fitted with an on-column injector was directly coupled to a mass spectrometer (MAT-95 XP; Thermo-Finnigan). Ionization was by electron impact at 70 eV and 200°C. The oven temperature was maintained at 30°C for 5 min and then programmed at 5 o /min to 250°C.
